Compliance to hand-hygiene guidelines in healthcare facilities remains disappointingly low for a variety of human-factors (HF) reasons. A device HF-engineered for convenient and effective use even under high-workload conditions could contribute to better compliance, and consequently to reduction in healthcare-acquired infections. We present an overview of the efficacy of a passive hand-spray device that uses solubilized ozone-a strong, safe, non-irritant biocide having broad-spectrum antimicrobial properties-on glass surface, pigskin, and synthetic human skin matrix.
Introduction
Reported incidents of healthcare-associated infection (HAI) have declined from nearly 2 million annually in the United States to about 800,000 despite similar or greater patient load [1] . But the number seems stuck at this level [2] , suggesting that compliance or effectiveness has maxed out. Hand hygiene is an activity susceptible and prone to variability due to human factors. Notably, workload/workflow challenge consistently appears as an impediment in hygiene compliance studies [3] . Unfortunately, compliance programs generally do not sufficiently address the holistic behavioral aspects. In order to achieve progress beyond the current status quo, the exercise of good hand hygiene needs to be made more convenient and effective by using human factors engineering principles.
Because ozone is a strong oxidizing biocide that has broad-spectrum antimicrobial properties [4] , solubilized ozone should be medically beneficial for use in applications for hand disinfection in healthcare settings. Solubilized ozone has been used safely in several animal models and human clinical studies, with no reported side effects [5] . But until now it has been difficult to reliably control the concentration of ozone in water [6] . We describe an automated device designed to improve hand-hygiene using ozonated water and efficacy of the approach in test systems.
The device ( Figure 1 ) directs a stream of ozonated water to the hands with a spraying action. The spray action physically removes microbes from crevices and creases in the skin. The ozone in the stream binds and reacts with microbe cell walls, creating openings that compromise the wall's integrity. The microbe loses its ability to maintain shape, breaks apart, and dies [7] . The ozone degrades into oxygen during the course of the wash cycle. Antimicrobial efficacy results from the combination of fluidic spray action and antimicrobial property of the ozone.
Together, the actions can achieve a three-log reduction in microbial load. and current is applied to the diamond structure, which generates oxygen and hydrogen molecules from the potable water source. As power is increased to the electrolytic cell, the amount of ozone produced is in direct proportion to the power applied. The spraying action of the faucet provides energy for physical removal of microbes, and the remainder of the efficacy is provided by action of the entrained ozone, which reacts with bacteria cell walls or viral envelopes through oxidation. The device measures the time the user's hands are in the fluid stream. Compliance to cycle completion time requirements are provided graphically as feedback during the washing cycle. The device can integrate a key-card reader to track compliance to hand-hygiene protocols.
Methods
A series of tests were performed on various carrier/microbe combinations comparing different ozone stream delivery methods at varying ozone concentrations.
The tests showed the relative contributions of the spray action and the ozone reactivity to the antimicrobial effect, and they demonstrated the efficacy against a range of microbes.
Testing on Glass Carriers
Testing was performed using 0.8 ppm ozone water concentration (above the minimum required to act as a disinfectant) delivered at a rate of 0.5 GPM (gallons per minute) using a laminar flow water delivery. Glass slide carriers (cleaned using 95% ethanol prior to rinsing with reverse osmosis water and then autoclave sterilized) were challenged with seven microbe strains with an inoculum that ranged from 1 to 5 × 10 5 CFU/carrier. Each carrier was placed under the ozonated water stream at a distance of 6 inches. Three exposure durations were examined: 10, 15, and 30 sec. Ten samples were used for each test.
Testing on Pigskin
Testing compared water alone with two levels of ozone concentration (0.7 and 0.9 ppm) and two water delivery methods (3D fluidics spray and laminar flow).
Staphylococcus aureus was chosen as the test pathogen (prepared in Tryptic Soy
Broth and incubated at 36˚C for ~18 hours) and pigskin was chosen as a surro- hours at 36˚C ± 1˚C.
Results
The results are summarized in Table 1 and described below. 3D Fluidic sprays are small thumbnail sized devices that have a series of small internal barriers and openings. These small internal barriers and openings are able to manipulate water droplet size, velocity and direction. The result is that the water is formed into a multitude of water droplets dispersed in a 3D cone shape as the water exits the device. 3D fluidics demonstrated superior ability to produce a greater log reduction in microbe growth when compared to laminar flow. The superior aspects of this device are excellent coverage and pressure when compared against needle jets and laminar flow. The tests show the efficacy of the product against a range of pathogenic microbes on a variety of surfaces, including surfaces similar to human skin (pigskin).
Testing on Glass Carriers
The results of testing on glass carries are shown in Part A, presented as log reductions for each exposure duration.
Testing on Pigskin
The results in Part B show that both the spray action and ozone concentration contribute to the antimicrobial effect. Spray flow (0.9 ppm) resulted in 2.99 log reduction in 30 sec, compared to 1.33 log reduction with laminar flow. With tap water (no ozone), spray flow resulted in 2.0 log reduction after 60 sec, compared to 0.95 log reduction with laminar flow. With respect to ozone concentration, tap water resulted in 2.0 log reduction after 60 sec, compared to 2.86 and 3.78 log reduction with 0.7 and 0.9 ppm ozonated water, respectively.
Testing on VITRO-SKIN ®
The results in Part C show that ozonated water combined with the 3D spray nozzle resulted in a 2.27 log reduction after 10 sec and 2.91 log reduction after 20 sec, in contrast to needle jet spray, which resulted in 1.85 log reduction after 10 sec and 2.11 log reduction after 20 sec.
Discussion
Human factors engineering (HFE) [8] involves application of knowledge of human capabilities and limitations to the design and development of devices. The goal is to optimize product design and user interface in order to reduce or prevent user confusion, misuse, and use-related hazards. It is an interdisciplinary method of improving the safety, efficiency, and robustness of medical devices, by focusing on risk-critical user-device interactions and incorporating simu- 
